Bleomycin is a well known fibrogenic agent, provoking an initial adult respiratory distress syndrome-like injury with subsequent strong fibroproliferative response. Severe abnormalities of the alveolar surfactant system, which may be linked to the appearance of alveolar fibrin deposition, have been implicated in the pathogenetic sequence of events. Using a model of standardized aerosol delivery of 1.8 U bleomycin/kg body weight in rabbits, we investigated the influence of repetitive nebulization of heparin or urokinase-type plasminogen activator (u-PA) on the development of lung fibrosis. In an "early" (Days 2-12 postbleomycin) or "late" (Days 14-24 postbleomycin) treatment protocol, approximately 3,500 U heparin or approximately 6,500 U u-PA was delivered to the bronchoalveolar space. Within four weeks, the bleomycin challenge provoked severe pulmonary fibrosis with reduction of lung compliance, marked increase in soluble collagen (bronchoalveolar lavage fluid) and hydroxyproline content (lung tissue), a typical reticular fibrosis pattern on high-resolution computed tomography, and typical histologic findings. Therapeutic intervention resulted in a far-reaching normalization of compliance, suppression of soluble collagen and hydroxyproline accumulation, and virtual abrogation of the computed tomography scan and histologic features of lung fibrosis, with most prominent effects seen in the early heparin and late u-PA administration. No bleeding complications occurred. These findings strongly support the concept that alveolar fibrin generation is an important event in the development of postbleomycin lung fibrosis. "Compartmentalized" anticoagulation and/or fibrinolysis via inhalational deposition of interventional agents in the alveolar compartment may thus offer a new therapeutic strategy for prevention of fibrosis.
balance, abnormalities of the pulmonary surfactant system may be involved in the sequence of events. In idiopathic pulmonary fibrosis, the surface activity of pulmonary surfactant is severely impaired, and profound alterations of its biochemical composition are encountered (8) (9) (10) . In addition, inhibition of surfactant function by plasma-derived proteins has been shown to occur in vitro (11) , under conditions of severe inflammatory injury with vascular leakage (12, 13) and also in interstitial lung disease (8) . Fibrinogen leakage may be particularly relevant under these conditions: its surfactant inhibitory capacity is further increased by approximately two orders of magnitude on conversion to fibrin, and a nearly complete "incorporation" of all hydrophobic surfactant compounds into the arising fibrin matrix has been documented as the underlying mechanism (14) . In vitro, surface activity can be restored by induction of fibrinolysis, yielding liberation of surface-active material from the fibrin lattice and, thus, decrease of surface tension (15) . u-PA and tissue-type plasminogen activator were particularly effective as therapeutic agents for such "rescue" of surface activity (16) . Interestingly, it has been shown that the alveolar hemostatic balance, although being antithrombotic and profibrinolytic under regular conditions, is shifted toward the prothrombotic side with increased procoagulant and decreased fibrinolytic capacities in the bronchoalveolar compartment under conditions of acute (e.g., adult respiratory distress syndrome [ARDS] [17, 18] ) and chronic inflammatory lung diseases (e.g., idiopathic pulmonary fibrosis [19] [20] [21] ). These abnormalities include markedly increased tissue factor and factor VII (FVII) activities and elevated plasminogen activator inhibitor-1 and ␣ 2 -antiplasmin levels in the alveolar lining layer, and the dramatically augmented D-dimer concentration in the bronchoalveolar lavage fluid (BALF) of patients with ARDS and idiopathic pulmonary fibrosis is a direct indicator of the overall increased alveolar fibrin turnover in these prototype diseases of acute and chronic lung inflammation.
How may surfactant abnormalities and coagulation disorders in the alveolar compartment contribute to lung fibrosis? Loss of surface tension-lowering properties at the alveolar fluid-air interface is known to result in alveolar instability (22) . Alveolar fibrin formation as the most potent of surfactant inhibitory mechanisms may cause atelectasis. In addition, histologic studies suggested fibrin-mediated apposition ("gluing") of alveolar septae as a general feature in lung fibrosis of different etiology (23) . According to this concept of "collapse induration," the fibrin matrix is a nidus for fibroblast invasion, resulting in scarring and thereby irreversible loss of alveoli, with traction of the remaining airspaces (honeycombing). Moreover, direct fibroblast-activating properties have been shown for thrombin (24, 25) and fibrin(ogen) scission products (26) .
This study was undertaken to investigate the role of alveolar fibrin formation in the development of lung fibrosis in an animal model. Aerosolization of a standardized dose of bleomycin was used to provoke a sequence of initial acute lung injury with subsequent strong fibroproliferative response in rabbits. In this model, protein leakage, increased alveolar procoagulant activities, hyaline membrane formation, and severe deterioration of surfactant function are part of the pathogenetic sequence. Four weeks after bleomycin nebulization, severe pulmonary fibrosis became evident from loss of lung compliance, typical computed tomography (CT)-scan abnormalities and histologic findings, and a marked increase in soluble collagen (lavage) and lung hydroxyproline content. In the current study, aerosolization of either heparin or u-PA, undertaken during the development of fibrosis to directly target the alveolar coagulation processes without exerting changes in the systemic hemostatic balance, resulted in a far-reaching reduction of fibrosis, as documented by physiological, biochemical, CT-scan, and histologic parameters. No side effects such as bleeding were noted in these studies. These findings thus (1 ) strongly support the concept that alveolar fibrin generation is an important event in the development of lung fibrosis in response to bleomycin and (2 ) offer targeted intervention in the alveolar hemostatic balance as a therapeutic strategy for prevention of lung fibrosis.
METHODS
For a detailed description of Methods see online supplement.
Lung Fibrosis Model
Healthy White New Zealand rabbits received 1.8 U/kg body weight bleomycin via ultrasonic nebulization under mechanical ventilation at Day 0. All animal protocols were approved by the Justus Liebig University's Committee on Animal Investigations.
Experimental Groups
Saline solution, unfractionated heparin, or human recombinant u-PA were each administered repetitively by ultrasonic nebulization (mass median devodynamic diameter 2.73 m) via a tightly fitting mask and under spontaneous breathing. Pilot studies in healthy rabbits ascertained (1 ) persistent elevation ‫ف(‬ 48 hours) of recalcification times in BALF on aerosol delivery of the heparin dosage as used in this study and (2 ) induction of fibrinolysis at the alveolar level in the absence of any increase in epithelial and endothelial permeabilities (see also online supplement). Furthermore, in additional pilot experiments using bleomycinchallenged rabbits, aerosolization of the currently used dose of u-PA provoked a switch in the alveolar hemostatic balance, with increased fibrinolytic capacity. Similarly, aerosolization of the currently used dose of heparin resulted in a reversal of the procoagulant response (for details see online supplement). The following groups were investigated-(1 ) control (n ϭ 11): no bleomycin, sham-aerosolization with saline; (2 ) bleomycin (n ϭ 9): inhalation of bleomycin, no intervention; (3 ) bleomycin plus early heparin treatment (n ϭ 7): pulmonary deposition of 3,510 Ϯ 117 U heparin/nebulization maneuver at Days 2, 4, 6, 8, 10, and 12 postbleomycin challenge; (4 ) bleomycin plus late heparin treatment (n ϭ 7): pulmonary deposition of 3,572 Ϯ 117 U heparin/ nebulization maneuver at Days 14, 16, 18, 20, 22 , and 24 postbleomycin challenge; (5 ) bleomycin plus early u-PA treatment (n ϭ 5): pulmonary deposition of 6,319 Ϯ 26.5 U u-PA/nebulization maneuver at Days 2, 4, 6, 8, 10, and 12 postbleomycin challenge; and (6 ) bleomycin plus late u-PA treatment (n ϭ 7): pulmonary deposition of 6,889 Ϯ 12.3 U u-PA/ nebulization maneuver at Days 14, 16, 18, 20, 22 , and 24 postbleomycin challenge.
Examination of Lungs at Day 28
On intubation and mechanical ventilation of the animals at Day 28, a high-resolution CT was performed. Afterward, arterial blood specimen was obtained, and static lung compliance was calculated from the linear part of the deflation limb and with respect to the esophageal pressure and the animal weight. After application of an overdose of KetanestRompun, lungs were excised, ventilated ex vivo, and perfused with an artificial buffer system as described recently (27) . The capillary filtration coefficient (given in cm 3 /sec/mm Hg/g wet lung weight ϫ 10 Ϫ4 ) and the total vascular compliance were determined gravimetrically. Finally, ventilation was stopped at the end of inspiration, the left main bronchus was ligated, and the right lung was lavaged (BAL) using warm saline (3 ϫ 30 ml). Afterward, the left pulmonary artery was cannulated with a small catheter, and formaline was instilled at a constant pressure of 25 cm H 2 O. Next, the left lung was separated and embedded in Paraplast plus (Sigma, Munich, Germany), cut into 4-m slices, and stained with hematoxylin-eosin according to standard techniques. The right lung was then carefully liberated from major bronchi and vessels, homogenized, and stored for analysis of hydroxyproline content (28) . BAL cells were sedimented (300 ϫ g, 4ЊC, 10 minutes), stained, and counted according to standard techniques. Cell-free BAL was analyzed for soluble collagen by reaction with Sirius Red and for surface activity on isolation of crude surfactant pellets (48,000 ϫ g, 1 hour, 4ЊC) by means of a pulsating bubble surfactometer (13) . The surface tension after 12 seconds of film adsorption (␥ ads ) is given.
Statistical Analysis
Values are represented as mean Ϯ SE. Statistical differences (significance level 0.05) between the various groups were evaluated using the H test first, followed by pairwise comparison using the Mann-Whitney U test. Significance level is indicated by *or ϩ (p Ͻ 0.05), **or ϩϩ (p Ͻ 0.01), and ***or ϩϩϩ (p Ͻ 0.001), where *indicates comparison between the saline control and bleomycin-exposed animals without intervention and ϩ indicates comparison between bleomycin-challenged animals and the four treatment groups.
RESULTS
Nebulization of 1.8 U bleomycin/kg body weight in intact rabbits provokes an acute lung injury with maximum gas exchange abnormalities being noted after 4 days (data not given in detail). Gas exchange then largely recovers during the subsequent fibroproliferative period, but is not fully resolved, as evidenced from the decreased Pa O 2 values measured 28 days after bleomycin aerosolization in the present study ( Figure 1 ). At this time point, however, a marked lung stiffening was noted, as depicted in Figure 2 , the static lung compliance, assessed in the intact animals, was found to be 3.5 Ϯ 0.29 ml/mm Hg/kg body weight in the sham-aerosolized controls but only 1.8 Ϯ 0.23 ml/mm Hg/kg body weight in the bleomycin-challenged animals. In accordance, the peak inspiratory pressure, measured during standardized mechanical ventilation after earlier isolation of the lungs from the thorax, was highly significantly increased in the postbleomycin lungs ( Figure 3 ). Moreover, an increase in endothelial permeability was detected in these lungs, with capillary filtration coefficient values being approximately threefold increased as compared with the saline-aerosolized controls ( Figure 4 ) and with an increased alveolar protein load being measured in the BALF. In addition, surface activity of large surfactant aggregates was significantly impaired (Table 1 ). In contrast, there was only marginally increased leukocyte invasion into the alveolar compartment at this late time point after bleomycin nebulization (Table 1) . Peripheral blood cell counts were fully unchanged, documenting absence of any significant myelosuppressive effect of this mode of inhalational bleomycin administration (Table 2) .
CT scans ( Figure 5 ) and histologic examination ( Figure 6 ) revealed extensive fibrosis in virtually all lung regions in the bleomycin-exposed rabbits, with some predominance of the basal lung areas. In contrast, fully normal pictures were obtained in the animals undergoing sham aerosolization with saline 28 days before examination. The abnormalities in the postbleomycin high-resolution CT were mostly characterized by a fine reticular pattern, with no major ground glass opacities. In analogy, hematoxylin-eosin stains of the lungs ( Figure 6 ) showed markedly increased extracellular matrix surrounding fibroblasts and some capillaries mostly at the alveolar level, sometimes also with subpleural and interlobular localization. Next to these developing scars, enlarged alveolar sacculi with loss of septae and bronchiolization were observed. There were no inflammatory exudates or major infiltration with leukocytes at this late time point after bleomycin nebulization.
In accordance with the loss of lung compliance and the fibrotic changes demonstrated in the high-resolution CT and the histology findings, the soluble collagen concentrations in the BALF Figure 3 . Peak inspiratory pressure of bleomycin-challenged rabbits after inhalational application of heparin or urokinase (u-PA). Measurements were done at 28 days after bleomycin challenge. Given are the mean Ϯ SE of the peak inspiratory pressure as measured in isolated perfused and ventilated lungs from saline-exposed rabbits (Saline), bleomycin-exposed rabbits without treatment (Bleo), and from the four treatment groups receiving either heparin at and the hydroxyproline content of lung tissue were markedly elevated in the postbleomycin lungs when compared with the saline controls (Figures 7 and 8 ).
All interventions addressing coagulation processes in the alveolar compartment (early and late-aerosolized heparin, early and late-aerosolized u-PA) were well tolerated by the animals, and there was no evidence for bleeding complications from the daily examination of the animals, from histologic investigation of the lung tissue, or from measurements of hemoglobin and hematocrit. Most impressively, therapeutic interventions significantly reduced the development of physiologic dysfunction, as evidenced from (1) (Figures 7 and 8) . Moreover, the capillary filtration coefficient and alveolar protein levels were nearly normalized in all lungs from heparin-or urokinase-treated animals (Figure 4) , and surface activity was improved ( Table 1) . The attenuation of the fibroproliferative response to the bleomycin challenge was most obvious on early heparin nebulization and late u-PA aerosolization (Figures 2, 3, and 5-7) . No significant influence of any of these interventions was encountered in view of the cell differential (Table 1 ) and recalcification times (data not given in detail).
DISCUSSION
In the present study, aerosol technology was used to ensure homogenous distribution of bleomycin to rabbit lungs via the inhalational route. Previous detailed investigations in this model showed that the nebulized dose of 1.8 U/kg body weight of this fibrogenic agent provokes an initial ARDS-like type of injury, with gas exchange abnormalities being most prominent after 4 to 8 days, characterized by manifold enhanced endothelial permeability, a marked influx of leukocytes and protein leakage into the alveolar space, enhanced procoagulant activity in the BALF, and a pronounced deterioration of the alveolar surfactant system (data not given in detail). Alveolar edema, hyaline membrane formation, and atelectasis are prominent histologic findings during this early response to bleomycin. This is followed by a strong fibroproliferative response, being the key abnormality of Definition of abbreviations: ␥ ads ϭ surface tension after 12 seconds of film adsorption; Bleo ϭ bleomycin; Hep ϭ heparin; u-PA ϭ urokinase-type plasminogen activator.
Depicted are the total protein content, the total cell count, the relative amounts of alveolar macrophages, neutrophils, and lymphocytes, and the ␥ ads values of the saline-treated controls and also for the bleomycin-challenged animals in the absence ( the currently investigated 4-week period after bleomycin challenge. Pulmonary fibrosis, homogenously distributed within the lung, with some accentuation of the basal regions, which may be due to preferred aerosol distribution to these areas, was documented by a severe loss of lung compliance, increased soluble collagen in the BALF and lung hydroxyproline content, a typical reticular fibrosis pattern in the CT scan, and the histologic finding of fibroblast invasion and matrix deposition. Some increase in endothelial permeability was still noted, reflected by the elevated capillary filtration coefficient values, and there was a moderate impairment of arterial oxygenation at this postbleomycin time point. The homogeneity of the fibrotic response evoked by the aerosol delivery of bleomycin compares favorably with the mode of intratracheal bleomycin instillation, where predominance of peribronchial and peribronchiolar fibrosis is noted in particular in larger animals (29) . The pathogenetic mechanisms underlying the rapid fibroproliferative response to bleomycin are still not completely understood. Relevant features include a complex scenario of cellular recruitment (29, 30) , activation of cytokines (31, 32) and growth factors (33) (34) (35) (36) , and cross talk between these proinflammatory and proproliferative pathways. Moreover, disturbances of the alveolar surfactant system have been noted in postbleomycin lungs, similar to those in human interstitial lung disease (8, (37) (38) (39) (40) (41) . When analyzed for the present model of bleomycin aerosolization, these abnormalities were shown to include a marked loss of surface tension-lowering properties on biophysical characterization, decreased percentages of the surface-active large surfactant aggregate fraction, reduction in key surfactant components such as dipalmitoylphosphatidylcholine and the apoproteins B and C, as well as presence of surfactant-inhibitory proteinaceous material in the alveolar compartment (data not given in detail).
Against this background, the present investigation focused on the role played by alveolar fibrin generation in the pathogenesis of postbleomycin lung fibrosis. As in human idiopathic pulmonary fibrosis, increased alveolar fibrin formation due to fibrinogen leakage, elevated procoagulant activities (mostly tissue factor and FVII mediated), and depressed antifibrinolytic capacities have been demonstrated in bleomycin-induced lung injury (42) (43) (44) . The approach chosen to address this issue in the present study was the compartmentalized administration of heparin for prevention of coagulation processes and of u-PA for scission of fibrin(ogen) products. Repetitive aerosol delivery in spontaneously breathing Definition of abbreviations: Bleo ϭ bleomycin; Hep ϭ heparin; u-PA ϭ urokinase-type plasminogen activator. Depicted are the leucocyte, erythrocyte, and thrombocyte counts, and the hematocrit and hemoglobin concentrations of the saline-treated controls and also for the bleomycin-challenged animals in the absence (Bleo only) or after early and late heparin (Early Hep and Late Hep) or early and late urokinase (Early and Late u-PA) treatments.
Values are given as mean Ϯ SE.
animals was undertaken for both agents, with protocols allowing either "early" or "late" intervention with these tools. The dose of heparin inhaled per nebulization maneuver was approximately 3,500 U: pilot experiments with titration of nebulized heparin showed that this dosage caused a significant inhibition of coagulation in subsequently assessed BALF in both healthy as well as bleomycin-challenged lungs, whereas no systemic anticoagulative effect of heparin was noted (see Table 1 in the online supplement). Interestingly, the anticoagulative effect of aerosolized heparin in the alveolar compartment persisted for at least 36 hours, as previously suggested (45) . Concerning the u-PA doses ‫ف(‬ 6,500 U being deposited in the bronchoalveolar space within one aerosolization maneuver), pilot studies in isolated perfused rabbit lungs had shown that this dosage of the protease did not elicit any change in endo-and epithelial barrier properties, whereas local fibrinolytic activity was documented on reassessment of BALF Figure 5 . High-resolution computed tomography (HRCT) scans of bleomycin-challenged rabbits after inhalational application of heparin or urokinase (u-PA). Given are typical CT scans from the basal lung regions of one saline-exposed rabbit (top left), one bleomycin-exposed rabbit (top right), one bleomyin-exposed rabbit treated with heparin at Days 2, 4, 6, 8, 10, and 12 (bottom left), and from one bleomycin-exposed rabbit treated with u-PA at Days 14, 16, 18, 20, 22, and 24 (bottom right). (46) . In intact animals, no systemic fibrinolytic effect was observed after alveolar deposition of this relatively low amount of u-PA. In bleomycin-challenged rabbits, this dosage was shown to reverse the antifibrinolytic capacity in the alveolar compartment into a more profibrinolytic state (see Figure 1 in the online supplement). In line with these pilot studies, no evidence for systemic bleeding complications was obtained on use of heparin and u-PA in the present investigation. Notably, this was even true for the lung itself, as enhanced blood entry into the alveolar spaces was not observed on histologic examination of the lungs. Thus, the repetitive aerosol delivery of the doses of heparin and u-PA used in this study was found to be suitable to restrict the effect to the alveolar compartment and to be safe with respect to bleeding complications in the model of bleomycin-induced lung fibrosis. Most impressively, all variables indicating the development of lung fibrosis were markedly affected by both heparin and u-PA treatment. This was first true for parameters that might be directly linked with the absence or presence of alveolar fibrin, i.e., the lung compliance (assessed in the intact animals) and the peak inspiratory pressure (measured during standardized mechanical ventilation of the isolated lungs). Via surfactant inhibition, as discussed previously, and loss of recruitable alveolar spaces due to fibrin gluing, alveolar fibrin accumulation might directly contribute to the marked reduction of compliance in the bleomycin-treated animals. It is, nevertheless, a notable observation that the optimum treatment regimens (early heparin and late u-PA) fully normalized both the compliance and the peak inspiratory pressure in the postbleomycin lungs. Second, the variables reflecting fibroblast activation and related matrix deposition were significantly altered by both inhalational heparin and u-PA. The lavage levels of soluble collagen were significantly suppressed, the lung tissue hydroxyproline content was virtually normalized, the key histologic changes of increased appearance of fibroblasts with surrounding extracellular matrix were clearly reduced, and the CT-scan picture of a fine reticular fibrosis pattern was largely prevented. Third, the optimum treatment regimens (early heparin and late u-PA) were also found to attenuate the otherwise still increased epithelial and endothelial permeability and to restore surface activity within the alveolar compart- ment. This is of interest as (1 ) these agents thus apparently did not induce lung vascular leakage when being deposited in the alveolar compartment, a possibility to be considered when using aerosolized u-PA, and (2 ) such a beneficial impact on the lung barrier properties may suppress fibrosis by limiting intraalveolar access of further protein (and fibrinogen), which is consistent with the lowered protein levels in the BALF. It is currently unknown how interference with alveolar coagulation processes may influence the lung barrier properties. However, improved surface tension characteristics at the alveolar surface may be an important link, as severe surfactant abnormalities may per se promote lung edema formation ("high-surface tension pulmonary edema") (47, 48) .
Our observations are thus fully in line with the concept that alveolar fibrin formation is an important trigger event "linking" acute inflammatory injury and fibroproliferative responses. It may not be clearly deduced from this study whether this effect of "compartmentalized" anticoagulation proceeds via blockage of thrombin and fibrin(ogen) scission products as soluble fibroblast stimulating factors (24) (25) (26) or whether the suppression/removal of fibrin matrices serving as nidus for fibroblast invasion (23) is the more relevant mechanism. Heparin aerosolization will interfere with both sequelae, and it is well in accordance with the time course of the increased procoagulant activity in bleomycinchallenged lungs (maximum after 4-16 days, see Figure 3 in the online supplement) (42-44) that early heparin was more efficient than the late administration of this anticoagulant agent. However, the strong efficacy of late u-PA, which is expected to split fibrin clots but does not interfere with thrombin activity and will even liberate fibrin(ogen) scission products, favors the assumption that the removal of fibrin matrices from the alveolar spaces per se represents a most important aspect of the beneficial impact of the presently undertaken anticoagulative/fibrinolytic interventions. Considering the efficacy of u-PA, it is of interest that in vitro studies showed rescue of intact surfactant from fibrin polymers incorporating the hydrophobic surfactant compounds on incubation with u-PA (16) . The restoration of surface activity in the treated animals observed in this study further supports the assumption that the currently undertaken therapeutic steps indeed resulted in improved alveolar surface tension regulation and thus in alveolar reopening. In view of the hydroxyprolin and soluble collagen data, it may be further speculated whether collagen deposition as such may be better addressed by an earlier u-PA treatment protocol. Further studies are warranted to more closely elucidate this question.
Moreover, the present findings are well in line with recent studies in transgenic mice lacking or overexpressing plasminogen activator inhibitor-1, in which the extent of fibrosis in response to bleomycin was shown to be linked to the amount of available plasminogen activator inhibitor-1 (49) . In this model system, relative overexpression of plasminogen activator inhibitor-1 potentiated the fibrotic response, whereas absence of plasminogen activator inhibitor-1 attenuated the response. In another study, Howell and colleagues (50) reported that direct thrombin inhibition reduced lung collagen accumulation in a rat bleomycin model of pulmonary fibrosis and suggested that thrombin may act via both effects, its classical role in the coagulation cascade (i.e., fibrin formation) and its cellular effects mediated by its major cellular receptor, protease-activated receptor-1 (51) . In line with these findings, protein C activity, which indirectly controls thrombin generation by inactivation of the clotting factors FVa and FVIIIa (tenase and prothrombinase complex), was found to be reduced and associated with abnormal collagen turnover in patients with interstitial lung disease (52) . Consequently, the same group showed that intratracheal application of activated protein C in a mouse model of bleomycin-induced lung fibrosis was capable of inhibiting the development of fibrosis (53) . Furthermore, systemic heparin administration was previously also found to cause some attenuation of lung hydroxyproline content in bleomycin-induced fibrosis in mice (54) . In a mouse model of intratracheal bleomycin administration, Sisson and coworkers (55) observed a reduction of Day 28 hydroxyproline values but not of histologic appearance on intratracheal application of an adenoviral vector encoding human u-PA at Day 21. In parallel experiments, the same vector encoding murine u-PA turned out to be ineffective. The reasons for their inconsistent results are presently not clear. Major aspects do, however, include the relatively late application time point (with an earlier administration of the vector being impossible due to superimposed inflammatory events and thus increased mortality of the mice) and the differing degree of u-PA activity being generated by the two vectors. In view of the present data, it is nevertheless clear, that u-PA application may prevent or even reverse experimental lung fibrosis when administered timely and in suitable amounts. Finally, the very recent observation that bleomycin application may result in increased lung hydroxyproline content also in fibrinogen-deficient mice, does not necessarily contradict this interpretation of our data (56).
In conclusion, both aerosolized heparin (maximum efficacy when administered in the early postbleomycin period) and nebulized u-PA (strongest efficacy when applied in the later course) nearly completely suppressed the fibroproliferative response of rabbit lungs to bleomycin challenge. This included normalization of lung compliance, suppression of soluble collagen and hydroxyproline accumulation, and virtual abrogation of the CT scan and histologic features of lung fibrosis. The interventions using aerosol technology were designed to exert anticoagulative/profibrinolytic effects in the alveolar compartment without alterations of the systemic hemostatic balance. The findings strongly support the view that alveolar fibrin generation is an important event in the development of lung fibrosis in response to bleomycin treatment and that compartmentalized anticoagulation or fibrinolysis via inhalational deposition of agents in the alveolar compartment may offer a new therapeutic regimen for prevention of lung fibrosis triggered by acute type lung injury.
